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S u m m a ry . T h e  fe a s ib ility  o f  a p p lica tio n  o f se lected  a lg o rith m s fo r c o n tro llin g  u n sta tio n a ry  
p e rio d ic  system s w a s  in ve stig a te d . T h e  p ro sp e ctive  p lan t is  a  h e lico p te r ro to r . Sam p le  
resu lts o f  n u m e rica l s im u la tio n  o f co n tro llin g  h e lico p te r ro to r b lad e  a re  p resen ted .
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w irn ik ó w  n o śn ych  śm ig ło w có w . P rz ed staw io n o  w y n ik i s y m u la c ji ko m p u te ro w e j s te ro w an ia  
ru ch em  ło p a ty  w irn ik a .
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BepToneTow. [IpHBOnnTCJi paay/ikTaTbi xonnioTepHoil ch wwy /t huhh ynpaaneHHn 
nonacTH H ecynero  bhHTa sepToneTa.

1. IN T R O D U C T IO N

R e c e n tly  th e re  is  an  in c re as in g  in te rest and a need  fo r d eve lo p in g  co n tro l stra teg ies fo r 
tim e  v a ry in g  system s. T h is  is p a rtic u la rly  c le a r in  ro to rc ra ft te ch n o lo g y , w h e re  n ew  d es ig n  
co n cep ts o f  ro to r c o n tro l a re  in ve stig a ted . T h e  h e lico p te r ro to r b lad e  fo rm s an  ae ro e la s tic  
system  o p e ra tin g  in  th e  v ic in ity  o f resonance co n d itio n s , as b lad e  fla p p in g  fre q u e n cy  is  c lo se  
to  the  fre q u e n cy  o f  e x c ita tio n . E v e n  to  a ch ie ve  trim m ed  flig h t, ro to r b lad es m u st p e rfo rm  
p e rio d ic  m o tio n  ( in  ro ta tin g  fram e  o f  re fe re n ce ) to suppress p e rio d ic  e x c ita tio n s  fro m  
o n co m in g  flo w  an d  to  a llo w  the  v a ria tio n  o f  d ire c tio n  and the va lu e s  o f  ro to r lo ad s.



250 J. Narkiewicz, P. Masłowski

N e w  co n cep ts  fo r  co n tro llin g  ro to r b lad e  m o tio n , w h ich  a re  un d er d eve lo p m e n t, lik e  H ig h e r 
H a rm o n ic  C o n tro l, In d iv id u a l B la d e  C o n tro l o r la te s t "sm a rt s tru c tu res " [1 ] c re a te  the  need 
o f  co n tro l a lg o rith m s  to  o p erate  fo r in stan ce  a  tab  m ounted  a t the tra ilin g  edg e o f  ro to r b lade 
( F ig . l ) .  T w o  k in d s  o f  co n tro l o f  h e lico p te r ro to r can  be d is tin g u ish . T h e  p rim a ry  co n tro l 
is  ap p lie d  to  a c h ie ve  the  re q u ire d  flig h t co n d itio n . T h e  a d d itio n a l c o n tro l is u tiliz e d  to 
im p ro ve  ro to r b e h a v io u r.

In  th is  p ap e r the c o n tro l a lg o rith m s  ap p lied  in  ro to rc ra ft te ch n o lo g y  fo r  a d d itio n a l co n tro l 
a re  b r ie f ly  re v ie w e d  an d  som e n ew  co n tro l a lg o rith m s p rop o sed .

F ig . l .  A  tab  m oun ted  a t the b lad e  tra ilin g  edge fo r  a d d itio n a l co n tro l 
R y s . 1. K la p k a  u m ieszczo n a  na k ra w ę d z i sp ły w u  ło p a ty  w irn ik a  d la  d o d a tk o w eg o

ste ro w an ia

2 . M A T H E M A T IC A L  F O R M U L A T IO N

T h e  a e ro e la s tic  system  co n sid e red  ca n  be m o d e lled  b y  the set o f  n o n lin e a r o rd in a ry  
d iffe re n tia l e q u atio n s p e rio d ic  w ith  resp ect to  tim e

(1)
z = g  (f* z ,ii), g ( t t ,u ) = g ( t + T z ,u ) ,  T> 0 ,

w h e re : T  - p e rio d  o f  tim e , z - state v e c to r, u - v e c to r o f co n tro l va ria b le s .
T h e  system  p e rfo rm s  ste ad y, b ounded  m o tio n  fo r  n o m in a l co n tro l. I t  is assum ed  tha t the 

p e rio d ic  m o tio n  o f  th e  system  z D(t )  is re q u ired  and the co n tro l v e c to r u B { t )  is  search ed  w h ich  

p ro v id e s , tha t
(2)

f o r  M,(i)=«D(r)+B0(0 A t>tp \\zD( t ) - z  *(i)|se

T h e  re q u ire d  m o tio n  ca n  be o b ta in ed  fro m  a d d itio n a l co n sid e ra tio n s lik e  the req u ire m en ts  o f 

v ib ra tio n  re d u c tio n , s ta b ility  au g m en ta tio n  e tc , so  the fu n c tio n s  zD(f )  need  n o t fu lf il the 
e q u a tio n  (1 ).

T h e  p ro b lem  (2 ) c a n  be re fo rm u la te d  as re je c tin g  the d istu rb an ce . T h e  d is tu rb e d  m o tio n
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x ( t )  o f  the  system  is  d e fin ed  as x (r ) = z ( t ) - z D( t ) ,  and (1 ) is  tran sfe rred  to the fo rm  

x  = f ( t jc ,u )+ h ( t ) , f ( t x ,u )= g ( t ^ D+ x ,u ) , h ( t )= - z B ,
(3 )

T h e  system  (3 ) is  a lso  p e rio d ic  w ith  resp ect to  tim e , bu t the re q u ired  so lu tio n  is  x ( t )  = 0 .

I f  the  d iffe re n ce  b e tw een  re q u ired  z D(t )  and actu a l m o tio n  z (r ) o f th e  system  is  sm a ll, the 

p lan t m o d e l ca n  b e ap p ro x im ated  b y  the lin e a riz ed  equ ation s:

X  = A (r )  x + B  ( f ) u +d  (r ), A = - d = - z 6 +f l f , 0 , u j .
d x  du

T h e  w e ll d eve lo p e d  th e o re tic a l b ackg ro u nd  ex ists fo r lin e a r system s (4 ) , w ith  co nstan t 
m atrices  A , and B, and these cases are  in vestig a ted  the m ost fre q u e n tly .

T h e re  a re  o n ly  a  fe w  m ethods o rien ted  o n  so lv in g  co n tro l p ro b lem  (2 ) fo r  p e rio d ic  system
(4 ) and  a lm o st none fo r  n o n lin e a r system  (3 ).

3 . C O N T R O L  A L G O R IT H M S  A P P L IE D

U p  t i l l  n o w  the  co n cep ts o f  ad d itio n a l co n tro l o f  h e lico p te r ro to r a re  based  o n  e x c ita tio n  
o f  the b lad e  o r the  tab  m o tio n  w ith  p rescrib ed  freq u en cies ca lcu la te d  m a in ly  b y  o p tim a l 
co n tro l stra teg ies m in im iz in g  the  p erfo rm an ce  index

" J  (5 )
7= J  ( x ‘Q x + u 'R u )d t

t
T h e  a p p lica tio n  o f  L Q C / L Q G  co n tro lle rs  in  the freq u en cy  d o m a in , g lo b a l o r lo c a l, clo sed  
and  open ed  lo o p  is the  m ost com m on ap p ro ach . U s u a lly  p lan t m odels co n sid e red  are lin e a r, 
based  o n  the  assu m p tio n  o f  d e ta iled  kn o w led g e  o f b eh av io u r o f  the p lan t. T h e  tran sfo rm a tio n  
to  the fre q u e n cy  d o m a in  a llo w s  to  n eg lect the tim e  d ep end ence. T h is  ap p ro ach  tu rn ed  o u t 
to  be e ffe c tiv e  b o th  in  co m p u ter sim u latio n s and ex p erim en ts. T h e  e v a lu a tio n  o f these 
m ethods is  p resen ted  in  [2 ]. T h e  ex ten sion  o f L Q C  ap p roach  to  tim e  p e rio d ic  system s are 
p resen ted  in  [4 ] fo r  m o d e l fo llo w in g  typ e  o f  co n tro l. A n  a ttem p t to  u se the lin e a r 
m e th o d o lo g y  to  n o n lin e a r case  w as su ccessfu lly  ap p lied  in  [3 ] to  suppress ro to r b lad e  
fla p p in g  b y  IB C .

 uncontrolled
  controlled

F ig .2 . S u p p re ss io n  o f  h e lico p te r ro to r b lad e  flap p in g  v ia  f ir s t  h a rm o n ic  e x c ita tio n  
R y s .2 . T łu m ie n ie  w a h ań  ło p a ty  w irn ik a  w  w y n ik u  w ym u szen ia  w ym u sz en ia  p ie rw sz e j

h arm o n iczn e j skoku  łop aty
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T h e  sam p le  re su lts  o f  co m p u te r s im u la tio n s  p resen ted  in  F ig .2  p ro ve  the e ff ic ie n c y  o f  th is 
h e u ris tic  ap p ro ach .

4 . S T A B IL IZ A T IO N  O F  T H E  M O T IO N

C o n tro lla b ility  o f  th e  system  (2 ) u s u a lly  re q u ire s  tha t the system  is stab le . S ta b iliz a tio n  o f 
th e  system  is  the m o st fre q u e n tly  o b ta in ed  b y  a p p lica tio n  o f  the lin e a r fe e d b ack , in  g enera l 
ca se , tim e  d ep end en t:

(6 )
u = u - K ( t ) x

In  su ch  a ca se  the system  (4 ) ca n  be w ritte n  as
(7 )

x = A L ( t )z + B ( t )u + d (t )  A , ( t ) = A ( t ) - B ( t ) K ( t )

In  s ta tio n a ry  case  th e re  a re  se ve ra l m ethods a llo w in g  c a lc u la tio n  o f th e  co n stan t feed b ack  

m a trix  K  fo r w h ich  th e  system  w ith  m a trix  A L  is  stab le.

F o r  p e rio d ic  system s the m ethods based  on  F lo q u e t th eo ry  a re  a p p lie d . T h e  fu nd am en tal 
m a trix  o f  h o m o g eno us p a rt o f  p e rio d ic  system , i.e . the p lan t w ito u t co n tro l has the fo rm

X (f )= G {t ) )e U '-'°>G (t0)  (8 )

w h e re : m a trix  G ( t )  is  p e rio d ic  and  m a trix  L  is con stan t.
T h e  p e rio d ic  system  ca n  be tran sfe rre d  p a rtly  to  co n stan t c o e ffic ie n t fo rm  b y  tran sfo rm a tio n  
o f  state  v a ria b le s

(9 )
Z = G ( t ) x ( t )

b u t th is  tra n s fo rm a tio n  does n o t rem o ve  p e rio d ic ity  in h eren t to  co n tro l te rm .
T h e  a p p lic a tio n  o f  th is  ap p ro ach  w a s  co n sid e red  in  [5 ] fo r  co n stan t fe e d b ack  m a trix  K  

w ith  a  v e c to r o f m easu red  q u an titie s
(1°)

y = C x

T h e  s im ila r  ap p ro ach  w as p resen ted  in  [6 ] w h e re  the n o n sta tio n ary  so lu tio n  o f  th e  p rob lem  
w a s  o b ta in ed  v ia  the  second  L ia p u n o v  m etho d , a llo w in g  in c lu s io n  o f  som e system  
n o n lin e a r ity .

T h e  m o v in g  h o riz o n  m ethod  based  o n  co n tin u o u s o p tim iz a tio n  o f sq uare  q u a lity  in d ex  o f 
ty p e  (5 ) w as p ro p o sed  in  [7 ] fo r  o b ta in in g  the  n o n sta tio n ary  m a trix  K ( t )  s ta b iliz in g  
au ton o m ou s system . T h e  ap p ro ach  suggested  th e re  u tiliz e s  the  "fo rw a rd " in te g ra tio n  o f 
d iffe re n tia l e q u a tio n  co n n ected  w ith  the p lan t m o d e l, d iffe re n t fro m  stan dard  R ic c a t i e q u atio n  
ap p ro ach . T h e  p ro p e rtie s  o f  co n tro l a lg o rith m s o f  th is typ e  w e re  in ve s tig a te d  th e re , b u t no 
ex am p les o f  a p p lic a tio n  o f  the a lg o rith m  w as p resen ted .

A ll  the  ab o ve  d escrib e d  m ethods o f  s ta b iliz a tio n  need  th e  k n o w le d g e  o f  the  system , i.e . 
k n o w le d g e  o f  the m a trice s  A ( t )  and  B ( t ) ,  w h ich  ca n  b e d iff ic u lt  to  o b ta in  in  p ra c tic a l cases.
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5 . L E A R N IN G  C O N T R O L  A L G O R IT H M S

In  th is stu d y the fe a s ib ility  o f a p p lica tio n  o f tw o  le a rn in g  co n tro l a lg o rith m s based  on 
in ve rse  p lan t m odel is  co n sid e red . T h ese  a lg o rith m s w ere  m a in ly  d eve lo p ed  fo r ro b o tic  cases.

T h e  p e rio d ic  system  (4 ) ca n  be treated  as the d escrip tio n  o f e rro r eq u atio n , ( i.e . 
d e s crip tio n  o f  d iffe re n ce  b e tw e en  req u ired  and ac tu a l p lan t m o tio n ), w h ic h , d ue  to  stru ctu re  
o f  m a trix  B ( t )  ca n n o t be in ve rte d  in  "n o rm a l se n se ". T h e  h (t )  com p on en t in  th is  case is the 
tim e  d ep end ent d istu rb an ce , in  g en era l case , a bounded  one.

In  the f irs t  le a rn in g  a lg o rith m  [8 ] the case h (t )= 0  is co n sid e red . I t  w as p ro ve d , that the 
co n tro l e x is ts , w h ic h  fu lf ils  th e  req u irem en t (2 ). T h is  co n tro l has the fo rm

* r *  i * r  (11)
u  = B  ( t ) ( x  -A ( t ) x ) ,  B ' = (B  B )  B

w h e re  A , and  B  a re  the estim ates o f m atrices A  and  B .
In  th is  ap p ro ach  the k n o w led g e  o f d e riv a tiv e  o f states is needed  fo r so lv in g  co n tro l 

p ro b lem , w h ic h  ca n  cause som e p rob lem s in  co n stru ctin g  the co n tro l system .
T h e  a lg o rith m  d eve lo p ed  in  [9 ] can  be treated  as ex ten sion  o f [8 ], w h e re  b y  co n sid e rin g  

d isc re te  tim e  system , the req u irem en ts o f m easu ring  state d e riv a tiv e  can  be avo id e d . T h e  
co n tro l p ro ve d  to  b e e ffic ie n t is in  the fo rm

( 12)
ui.i(*) =ut+kBi (*)t*i(fc+1):"A,(£)■*#)] 

w h e re : i - num b ber o f p e rio d , k-num ber o f tim e  m om ent w ith in  the p e rio d .
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F ig .3. R e je c tin g  o f  the  resu lts o f p e rio d ic  e x c ita tio n  v ia  ap p lica tio n  o f  le a rn in g  co n tro l
a lg o rith m

R y s .3 . E lim in a c ja  sku tkó w  w ym u szen ia  o kreso w eg o  p rzez  zasto so w an ie  "u cz ąceg o  s ię "
a lg o rytm u  ste ro w an ia

In  b o th  cases estim atio n s o f  the re a l m atrices A (t ) ,  B ( t )  are  need ed . Su ch  estim ates are  
o b ta in ed  b y  fo r in stan ce  le a s t square id e n tifica tio n  a lg o rith m s.
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T h e  a lg o rith m  [9 ] ap p lie d  to  ro to rc ra ft case g ive s  p ro m is in g  re su lts . T h e  ex am p le  o f 
a p p lic a tio n  is  sh o w n  in  F ig .3 .

6 . C O N C L U S IO N S

A n  a ttem p t to  fin d  co n tro l stra teg y  fo r ro ta tin g , a e ro e la s tic  system  is  u n d e rtaken . T h e  tim e
d o m a in , a c tiv e  c o n tro l a lg o rith m s a re  co n sid e red  and  the re su lts  o f a p p lic a tio n  o f  som e o f
th em  p resen ted .
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